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G laucoma is a progressive disease of the optic nerve head (ONH) and retinal nerve fiber layer (RNFL) with characteristic change in the neuroretinal rim identified by conventional clinical fundus examination. 1 Recent advances in spectral-domain optical coherence tomography (SD-OCT) technology has allowed imaging of the neuroretinal rim and the RNFL, as well as more detailed ONH structures such as the lamina cribrosa and termination of Bruch's membrane-retinal pigment epithelium complex.
and analyses be performed according to the individual eyespecific axis between the fovea and BMO center (FoBMO axis) to standardize image acquisition such that normative databases can be more accurate. 9 Race-related differences have been reported in the conventional clinical disc and rim morphology and circumpapillary retinal nerve fiber layer thickness (RNFLT). [14] [15] [16] [17] [18] [19] For example, black populations generally have greater disc size and smaller ratio of rim area to disc area than white populations, [14] [15] [16] 19 and Indian and Hispanic populations have thicker circumpapillary RNFLT than white populations. 18 Further, association of the optic disc parameters with early glaucomatous damage is reportedly less apparent in black subjects than in white subjects. 17 On the other hand, characterization of BMO-MRW in healthy, nonglaucoma subjects has been reported only for a white and Chinese population, 20, 21 and that of BMO and FoBMO axis for a white population only. 20 Although the clinical disc and rim area, and RNFLT in healthy, nonglaucoma subjects show significant correlation with several systemic and ocular factors, including putative risk factors for glaucoma such as age, refraction or axial length, intraocular pressure (IOP), and central corneal thickness (CCT), 18, 19, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] no such correlations have been studied in detail for BMO or BMO-MRW.
The objectives of the current study were to (1) examine whether previously reported ocular and systemic factors that correlate with conventional clinical disc and rim area 18, 19, 22, 30, [32] [33] [34] or OCT-measured RNFLT and macular RGC layer thicknesses 18, 19, 31, [35] [36] [37] [38] [39] also impact the BMO, BMO-MRW, and FoBMO angle and (2) report characteristics of these parameters, based on BMO, in a normal Japanese population.
SUBJECTS AND METHODS

Subjects
Approximately the same number of self-reported generally healthy Japanese subjects in each of six age groups by decade was recruited at seven Japanese clinical centers: University of Tokyo Hospital (Tokyo, Japan), Toho University Ohashi Medical Center (Tokyo, Japan), Tajimi Eye Clinic (Tajimi, Japan), Saitama Medical School Hospital (Moro, Japan), Tohoku University Hospital (Sendai, Japan), Kumamoto University Hospital (Kumamoto, Japan), and Kanazawa University Hospital (Kanazawa Japan).
After verbal screening of participation and questioning of medical history, an ocular examination including uncorrected and autorefraction-corrected visual acuity measurements with the 5 m-Landolt chart, corneal curvature measurements, and axial length measurement (IOLMaster; Carl Ziess Meditec, Dublin, CA, USA) was performed. Thereafter, the visual field was examined with standard automated perimetry (Humphrey Field Analyzer; Carl Zeiss Meditec) with the 24-2 Swedish Interactive Thresholding Algorithm. The visual field examination was repeated if not deemed reliable or within normal limits. The OCT examination (see below) was then performed, followed by dilated funduscopy, optic disc stereophotography, slit lamp biomicroscopy, IOP measurements with the Goldmann applanation tonometer, and optical pachymetry to measure CCT. All ocular examinations were done bilaterally.
Inclusion criteria were (1) age between 20 and 90 years; (2) normal eye examination results without clinically significant cataract, vitreoretinal, or choroidal abnormalities (subjects with uncomplicated cataract surgery were not excluded); (3) IOP 21 mm Hg; (4) best corrected visual acuity ‡ 20/40; (5) spherical error 66 diopters (D) and astigmatism 2 D; (6) axial length 26 mm; and (7) normal visual field test results with the glaucoma hemifield test and mean deviation within normal limits. Subjects were excluded if (1) the visual field results were deemed unreliable with the perimetrist's notes and reliability indices; (2) the optic disc stereophotographs were of insufficient quality; or (3) the OCT images were of insufficient quality (typically truncated B-scans and scans with image quality score of <20).
The Institutional Review Board and Ethics Committee of each participating center approved the study, which adhered to the tenets of the Declaration of Helsinki. Written informed consent was obtained from each subject after full explanation of the protocol.
Spectral-Domain Optical Coherence Tomography
The ONH, peripapillary RNFL, and macula were imaged with OCT (Spectralis, Glaucoma Module Premium Edition; Heidelberg Engineering GmbH, Heidelberg, Germany). For the ONH, the foveal pit and two BMO points in each of two radial B-scans that were perpendicular to each other were automatically segmented to estimate the center of BMO and determine the FoBMO axis, which served as a reference for all scans. A scan containing 24 radially equidistant B-scans, each subtending 7.58, centered on BMO, was then acquired. Each radial B-scan contained 1536 A-scans, averaged 25 times. ONH scans were determined with standard and enhanced depth imaging modes. 40 For the RNFLT measurements, circular peripapillary scans with 768 A-scans, each representing the average of 100 individual scans, were obtained with circles subtending 128, 148, and 168 and also diameters measuring 3.5, 4.1, and 4.7 mm centered on the BMO center to measure the RNFLT. Axial length and corneal curvature measurements were entered into the instrument software to ensure accurate scaling of all measurements. In this report, only the results from the standard ONH radial B-scans and the 3.5-mmdiameter RNFLT scans centered on BMO center were analyzed.
All eyes were converted to right-eye format. The software automatically segmented the internal limiting membrane and the 48 BMO points from the 24 radial scans. The segmentation was manually checked in each B-scan and corrected when necessary. The BMO points were fitted with a spline to derive a closed curve to represent the BMO around the ONH. BMO torsion was measured by the parameter BMO torsion angle, which was defined to be the angle between the longest axis of BMO (the radial B-scan with the longest BMO length) and the FoBMO vertical axis (the axis passing through the BMO center, perpendicular to the FoBMO axis). 20 The FoBMO angle was defined to be the angle between the FoBMO axis and the horizontal axis of the acquired image frame (Fig.  1) . 9, 20 The global and the six Garway- 41 were calculated. For each subject, all orientations were relative to the FoBMO axis.
Data Analysis
Results were presented as mean (standard deviation). Correlation among variables was computed with Pearson's correlation coefficients when variables were parametric and generally conformed to the normal distribution, or Spearman's correlation coefficients when variables were nonparametric or apparently did not conform to the normal distribution. The influence of systemic and ocular factors on global BMO-MRW, RNFLT, BMO area, FoBMO angle, and BMO torsion angle were analyzed with multiple regression analysis.
For global BMO-MRW and RNFL, factors previously shown to be associated with clinical disc margin-based rim area and RNFLT in normal eyes, namely, age, disc area, CCT, IOP, axial length or refractive error, and sex, [19] [20] [21] [22] [23] [26] [27] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] were tested as explanatory variables. Similarly, as sex, age, refraction, axial length, rim area, and RNFLT 14, 19, 22, [24] [25] [26] [27] [28] [29] [30] 32, 36 have been reported to be correlated to clinical disc margin-based disc area, these variables were tested as explanatory variables for OCT BMO area. Previous studies measuring the location of fovea relative to the optic disc in fundus photographs suggest a possible intereye difference in the extent of excyclotorsion [42] [43] [44] and age-dependence of FoBMO angle 45 in normal subjects. We therefore explored whether similar relationships were present within our subjects for the parameters FoBMO angle and BMO torsion angle.
Sectoral values of BMO-MRW and RNFLT were also analyzed with liner mixed effects modeling (LMM), taking the intersectoral correlation of BMW-MRW and of RNFLT into consideration.
Data analyses were performed with SPSS (21.0J for Windows; SPSS Japan, Inc., Tokyo, Japan). LMM analyses were performed with the statistical programming language R (R version 3.1.3; Foundation for Statistical Computing, Vienna, Austria).
RESULTS
For analysis of BMO area, BMO-MRW, FoBMO angle, and BMO torsion angle, 258 eyes of 258 subjects satisfied the inclusion and exclusion criteria ( Table 1 ). The number of subjects in each decade group was between 35 and 45 except for the group older than 80 years (Fig. 2) . The respective number for the analysis of RNFLT was 243 eyes of 243 subjects (Table 1) , since 15 eyes yielding reliable BMO-MRW measurement results did not yield reliable RNFLT measurements results. The results of the OCT measurements are summarized in Table 2 . The mean (SD) BMO area was 2.06 (0.45) mm 2 . BMO shape was most commonly ovoid, with the long axis of BMO most commonly falling 138 nasally to the FoBMO vertical. Global BMO-MRW and RNFLT averaged 305.5 (50.0) lm and 101.8 (9.6) lm, respectively, while the FoBMO angle was À7.88 (3.88), respectively ( Table 2) . Sectoral BMO-MRW was thickest in the inferior-nasal sector followed by superior-nasal and inferior-temporal sectors, while sectoral RNFLT was thickest in the inferior-temporal sector followed by superior-temporal and superior-nasal sectors (Table 2) . Intersector difference in BMO-MRW or RNFLT was significant after Bonferroni's correction (P ¼ 0. IN) . These correlations were modest, but highly significant (P < 0.001), except for the T (r ¼ 0.187, P ¼ 0.003) and N (r ¼ 0.117, P ¼ 0.063) sectors where the correlations did not achieve highly statistical significance.
Among the available ocular biometric factors, corneal curvature, spherical equivalent refraction, and axial length demonstrated high interparameter correlation (all comparisons, r > 0.650). Thus, corneal curvature and spherical equivalent refraction were excluded from explanatory variables for multiple regression analysis, and axial length was adopted on their behalf. Multiple regression analysis showed that global BMO-MRW decreased with increasing age (À1.04 lm/y or 3.4%/decade) and BMO area (Table 3) . Global RNFLT decreased with increasing age (À0.12 lm/y or 1.2%/decade) and CCT, and increased with BMO area and sex (female). BMO area increased with axial length and decreased with age and global BMO-MRW. Finally, FoBMO angle was more negative with age and in left eyes. No factors investigated influenced BMO torsion angle.
Analysis with LMM (Appendix A) indicated that in all six sectors, BMO-MRW decreased with both age and BMO area but the impact of BMO was not the same among the six sectors (Appendix B). Sectorwise analysis of RNFLT indicated that age had a statistically significant impact only in SN, IT, and IN sectors (Appendix C). On the other hand, CCT and sex did not reach the significant level in any of the six sectors for either BMO-MRW or RNFLT.
DISCUSSION
In recent years, the accuracy of disc margin-based neuroretinal rim measurements have been questioned. 9 Because BMO represents an anatomically identifiable outer edge of the rim, parameters such as BMO-MRW could be more accurate indicators of the rim width. Recognition that there are large interindividual variations in the position of the fovea relative to BMO has also driven OCT data acquisition and analysis according to the eye-specific FoBMO angle. This anatomic variation should affect ONH, RNFLT, and macular measurements as well as their regional distribution, but the clinical importance of these effects are not yet known.
A notably large interracial variation has been reported for conventional disc margin-based rim parameters, [14] [15] [16] [17] [18] [19] and a similar interracial variation would be expected in BMO and BMO-MRW. Currently, however, normal values of BMO-MRW have been reported only for a white population and Chinese population, 20, 21 and those of BMO for a white population only. 20 Constructing accurate normative database of BMO, BMO-MRW, and RNFLT, and identifying clinical factors relating to them for each racial group, would be of essential importance to help clinicians identify patients with glaucomatous damage. Data are mean (standard deviation). RNFLT is measured along a circle with 3.5-mm diameter centered on BMO center. A positive (negative) FoBMO angle indicates the fovea located above (below) horizontal line passing through BMO center. A positive (negative) torsion angle value indicates inferotemporal (superonasal) torsion relative to the axis perpendicular to the FoBMO axis.
BMO-MRW-T, -ST, -IT, -N, -SN, -IN (RNFLT-T, -ST, -IT, -N, -SN, -IN), sectoral BMO-MRW (RNFLT)
values for the temporal, superotemporal, inferotemporal, nasal, superonasal, and inferotemporal sectors, respectively; FoBMO angle, angle of fovea-to-BMO-center axis relative to the horizontal axis of the image frame; torsion angle of BMO, the orientation of the long axis of BMO relative to the axis perpendicular to the FoBMO axis.
* N ¼ 243. RNFLT is measured along a circle with 3.5-mm-diameter centered on BMO center; CCT expressed in lm. A positive (negative) FoBMO angle indicates the fovea located above (below) horizontal line passing through BMO center.
* Age-related change corresponds to 3.4% 6 0.6%/decade. † Age-related change corresponds to 1.2% 6 0.4%/decade.
In normal Japanese subjects, BMO area averaged 2.06 mm 2 , a value greater than that in the normal white population (median 1.74 mm 2 ). 20 BMO was most commonly a vertical oval with the mean torsion angle of À138. BMO area was greater with longer axial length (3.4% or 0.07 mm 2 /mm of axial length), and smaller with age (À2.9% or 0.06 mm 2 /decade) after adjusting for covariates. In contrast, BMO area is not correlated to axial length or age in a normal white population. 20 Conflicting results have also been reported on the correlation between clinical disc margin-based estimates of optic disc size, axial length, and refractive errors. 14, 22, 24, 25, 29, 30, 32 Although the true effect of axial length and aging on BMO area would be a subject of future studies including other racial groups, it does not seem unreasonable that a slight increase in the aperture through which axons exit the eye is associated with an elongation of axial length. The current cross-sectional study showing axial length and age dependency of BMO area suggests that for cross-sectional interindividual or intergroup comparisons of BMO area in Japanese subjects, adjustment for the axial length and age is necessary.
Global BMO-MRW and RNFLT averaged 306 and 102 lm, respectively, in normal Japanese population, and the former was similar to that reported in a normal Chinese population with a mean age of 55 years (306 lm) 21 but thinner than that reported in a normal white population with a similar age distribution (median 335 lm). 20 Global RNFLT was slightly thicker than that in a normal white population (median 100 lm). 20 These findings suggest interracial differences in the ratio of the amount of RGC axons to that of non-RGC cellular components in the retina. According to a rank order, the sectoral pattern of BMO-MRW and RNFLT was not identical, though the temporal sector was the thinnest in both of them. BMO-MRW was thickest in the IN sector followed by the SN sector, while RNFLT was thickest in the IT sector followed by the ST sector (Table 2 ). This pattern of sectoral thickness difference is also evident in a normal white population when using the BMO center for reference. 20 It must be noted, however, that the original six Garway-Heath regions used clinical disc center for reference, 41 and caution is needed in extrapolating the current findings to those obtained when using clinical disc center for reference.
Global and sectoral BMO-MRW decreased with age. A sector-dependent effect of aging on the RNFLT in the white population, 20 and also in the Japanese population (Appendix C), may indicate that age has a different regional impact on the neuronal and/or nonneuronal component of the RNFL, both of which are reflected in the RNFLT measurements. Global BMO-MRW declined by 1.04 lm/y, corresponding to approximately 3.4%/decade compared to 4.0%/decade (1.34 lm/y) in a normal white population. 20 A negative correlation between BMO-MRW and BMO area is understandable, since given the same number of axons, a greater BMO area would result in a thinner BMO-MRW. A negative correlation between BMO-MRW and clinical disc area has also been reported in a Chinese population. 21 Among the other factors studied, none had significant effects on BMO-MRW.
The age-related decrease in RNFLT is in agreement with numerous previous reports. [18] [19] [20] 30, 35, 36 In the present study, RNFLT decreased by À0.12 lm/y, corresponding to 1.2%/ decade decrease, which is apparently smaller than that of BMO-MRW (1.04 lm/y or 3.4%/decade). An apparently smaller rate of age-related decrease in RNRLT than in BMO-MRW (0.21 lm/ y or 2.1%/decade versus 1.34 lm/y or 4.0%/decade) has also been seen in a normal white population. 20 This discrepancy may be at least partly explained by a difference in the ratio of non-RGC cellular components, for which aging causes different effects, rather than to RGC axons between the RNFL at 1.75-mm distance from the BMO center and the BMO margin.
Although we could not find literature suggesting that aging shows differential effects between RGCs and their axons and non-RGC components of the retina or optic disc, one recent study 46 using experimental monkey glaucoma model suggests that effects of glaucomatous insults in this model might be different between RGCs and non-RGC components of the RNFL tissue. The age-related decline of RNFLT did not reach significant level in N and T sectors (Appendix C), indicating that age-dependent decline in the superior and inferior sectors was more evident than that in the temporal and nasal sectors. This finding is in line with that found in the normal white population on the whole, 20 and may be at least partly related to a difference in the proportion of non-RGC components in RNFL between superior/inferior and temporal/nasal sectors. A greater BMO area was associated with thicker RNFLT as reported for RNFLT centered on the clinical disc center and clinical disc area. 31, 35, 36 Since sectorwise analysis showed no significant impact of CCT and sex on RNFLT in any of the sectors, impacts of CCT and sex, if they exist, are thought to be small.
The FoBMO angle was more negative with age and significantly more negative in left than right eyes. Jonas et al. 45 have reported that a larger optic disc-fovea angle was associated with aging. Previous studies measuring the location of fovea relative to the disc in fundus photographs report a greater extent of excyclotorsion in the left compared to right eye of normal subjects. [42] [43] [44] Although the exact mechanism of the right-left difference or age-related change in the FoBMO angle is unknown, there have been suggestions that age-related change in the orbital connective tissue and/or rectus muscles may be partly responsible for the observed lateral difference in the extent of excyclotorsion. 44, 47, 48 The current study had some limitations. Currently, both BMO-MRW and RNFLT estimates are determined without an algorithm, taking blood vessel trunks into consideration. Thus, measurements in the superior and inferior poles may not be sensitive enough to early glaucomatous changes, which are most likely to take place in the poles. The sector-dependent difference in the effect of age and BMO area on RNFLT sectoral values was found in only some sectors. It is possible that our study was underpowered to detect a significant effect in the remaining sectors. In fact, the sample size used for RNFLT analyses was somewhat smaller than that used for BMO-MRW analyses. However, it is likely that even if statistically significant, the effect is not likely to be highly clinically significant. Finally, it must be noted that the aging effects currently found were by a cross-sectional study design, but not by a longitudinal study design.
In summary, the current cross-sectional study indicated that BMO area was significantly and positively correlated with axial length and negatively with age. Age had significantly negative impact on BMO-MRW, RNFLT, and FoBMO angle, while BMO area was significantly and negatively correlated with BMO-MRW and positively with RNFLT. Significant intereye difference in FoBMO angle was also noted. Adjustment of the above factors will likely be needed for optimal diagnosis of glaucoma, using BMO-based OCT parameters.
APPENDIX A
The equation used for linear mixed effect model analysis was as follows:
where BMO-MRW i,j (RNFLT i,j ) indicates Bruch's membrane opening-minimum rim width (retinal nerve fiber layer thickness) in the i-th sector of the j-th subject; 
